US is a powerful tool for the assessment of joint synovitis in children with JIA and has been shown to be more accurate than clinical examination in detecting synovial disease. Recent studies have documented the presence of US-detected synovial pathology in children with JIA in clinical remission. US assessment enables the differentiation of joint synovitis from tenosynovitis, may help detect enthesitis and is valuable for capturing cartilage damage and early bone erosions. Guidance to local injection therapy represents an important application of US in routine care. Although US has a great potential for diffusion among paediatric rheumatologists, several issues need to be addressed. In particular, a thorough knowledge of US anatomy of joints in growing children is necessary to interpret US findings in JIA patients. The present review examines the potential role of US in the assessment of joint disease in children with JIA.
Introduction
The term JIA encompasses a clinically heterogeneous group of disorders characterized by arthritis that begins before 16 years of age, persists for >6 weeks and is of unknown cause [1] . JIA is the most common chronic rheumatic disease in children and is a leading cause of acquired disability in the paediatric age. The ILAR has subclassified the disease entity into seven distinct categories, based on the number of affected joints and the presence of particular extra-articular manifestations [2] . Although the aetiopathogenesis is unclear, the inflammatory process is thought to be of multifactorial origin, and to result from both genetic and environmental factors. The persistence of synovial inflammation may cause cartilage and bone damage and, ultimately, lead to permanent alterations in joint structures and serious impairment of physical function.
In the past decade there have been major advances in the management of JIA, which include the shift towards early aggressive interventions and the development of new therapeutic agents and combination treatment strategies [1, 3] . Reliable documentation of the progress in therapeutic effectiveness makes it important to ensure that the methods used for assessing disease activity are accurate. Currently evaluation of the disease status in children with JIA is based on clinical and laboratory measures. However, these measures have the limitation of not directly measuring inflammation at the primary site of pathology and may be subject to confounding influences. Imaging techniques, such as US and MRI, are capable of directly visualizing and objectively quantifying synovial inflammation and thus represent suitable tools to assess synovitis in children with JIA. These imaging modalities may also enable better and earlier detection of cartilage and bone changes than conventional radiography [4] . US has several advantages over other imaging techniques for use in paediatric subjects, which include non-invasiveness, rapidity of performance, ease of repeatability, high patient acceptability and lack of exposure to ionizing radiation. In addition, it does not require sedation for scanning in younger children. US allows precise and thorough visualization of inflammatory and destructive joint abnormalities, including synovial hyperplasia, joint effusion, cartilage damage, bone erosion, tenosynovitis and enthesopathy [5] . The present review discusses the role of US in the assessment of joint disease in children with JIA.
Synovitis
US is a powerful tool for the diagnosis and assessment of synovitis. Grey-scale US enables visualization of synovial hyperplasia and joint effusion, whereas the power Doppler (PD) technique is able to demonstrate synovial blood flow. Abnormalities seen with grey-scale US can be residual findings and may not necessarily reflect ongoing active disease [6] . Because PD-US detects synovial blood flow, which is a sign of increased synovial vascularization, it is considered superior to grey-scale US in discriminating between active and inactive disease [7, 8] . PD-US assessment of synovial vascularization has been shown to be more sensitive than serum markers of inflammation in the identification of active disease in JIA [9] . In addition, the degree of vascularity detected by PD-US has been found to be strongly correlated with serum IL-6 levels [10] . However, it has been argued that to consider any PD signal as a sign of synovitis in children during development might be problematic, owing to physiologically enhanced blood flow, which can be misinterpreted as pathological [11] .
Recent studies of US in childhood arthritis have used the OMERACT definitions of synovial abnormalities developed for adult patients with inflammatory arthritis [12] to quantify the severity and extent of synovitis. However, these definitions may not be necessarily applicable to paediatric patients, owing to the unique features of the growing skeleton and the changes in joint morphology during development [4] . A thorough knowledge of the US anatomy of joints in growing children is necessary to interpret correctly the presence of synovial inflammation in JIA patients.
Subclinical synovitis
The assessment of joint inflammation in patients with chronic arthritis has been traditionally based on the clinical evaluation of features of joint disease by physicians. However, studies in adult patients with RA as well as in children with JIA have shown that current techniques of clinical examination may underestimate the extent of joint inflammation [13, 14] . Furthermore, histological evidence of synovial pathology has been found in asymptomatic joints [15] . Notably, clinical examination of joints in children with JIA has been found to be poorly reliable [16] .
US has been shown to be more accurate than clinical examination in detecting synovitis both in adults with RA [13, 17] and in children with JIA [11, 1820] . Although not currently included as a component of the new European League Against Rheumatism (EULAR)/ACR RA diagnostic criteria, this ability to detect subclinical disease has been demonstrated to allow earlier fulfilment of the criteria [17] . In 32 children with JIA, Magni-Manzoni et al. [18] found that US detects synovitis in many joints recorded as normal on clinical examination. The authors assessed a total of 1664 joints both clinically and with US. A total of 104 (6.3%) and 167 (10%) joints had clinical and US synovitis, respectively. Of the 1560 clinically normal joints, 86 (5.5%) had synovitis on US. The frequency of subclinical synovitis was greater in wrist, PIP, subtalar and foot joints. US assessment led to reclassification as polyarthritis in five patients who were labelled as having oligoarthritis or were found to have no synovitis on clinical evaluation. Haslam et al. [19] also reported a discrepancy between clinical and US examination in the assessment of 17 children with early (<12 months duration) oligoarticular JIA, who had a total of 680 joints evaluated. Six children were found to have subclinical synovitis, with more common involvement of the small joints of hands and feet. One patient was reclassified as having polyarthritis based on US findings. A similar discordance between clinical and US examination in detecting synovitis in peripheral joints in children with JIA has been reported by other investigators [11, 20] .
Taken together, these observations suggest that the use of US in children with JIA may allow earlier diagnosis of joint synovitis or of extension of arthritis to clinically normal joints. Furthermore, US findings may have important implications for patient classification and could alter the selection of patients who require the introduction of a second-line or biologic medication or require a change in treatment.
Assessment of disease remission
The current method to assess disease remission in JIA is based on the so-called Wallace criteria [21] , which are composed of clinical and laboratory parameters. However, it is unknown whether remission, as defined in the criteria, corresponds to inactive disease as documented by imaging studies. US-detected subclinical synovitis has been shown to be common in adults with RA in clinical remission and to correlate with progression of structural joint damage [6, 22] . Likewise, evidence of ongoing synovial pathology in one or more joints has been documented in a sizeable proportion of patients with JIA classified as having inactive disease on clinical grounds [23, 24] . However, the clinical, significance and prognostic value of this finding is unclear, as the presence of abnormalities on US, including PD signal, did not predict subsequent synovitis flare [24] . This finding contrasts with the observation in adults with RA that vascularization detected by PD-US predicts short-term disease flare after clinical remission [25, 26] . The lack of predictive value of PD signal in JIA has been related to the difficulty to establish whether the presence of juxta-articular flow at PD-US examination in the growing child represents normal flow of the well-vascularized cartilage of the epiphysis or synovial hyperaemia indicating inflammation. Another possible explanation lies in the potential confounding influence of the physiologically enhanced synovial blood flow on the appraisal of low-grade PD signal in growing children [4, 24] .
Tenosynovitis
Tendons can be affected throughout the whole course of JIA. In the presence of articular and peri-articular inflammation, it is sometimes difficult to ascertain with clinical examination whether joint swelling is due to synovitis, tenosynovitis or both. This problem may have a relevant impact on the effectiveness of therapeutic interventions. For example, a poor response to an IA CS (IAC) injection in a complex joint with numerous adjacent tendons, such as the ankle or the wrist, might be explained by the inaccurate identification of the truly affected anatomical structure. Using US, Rooney et al. [27] evaluated the prevalence of synovitis and tenosynovitis in 34 JIA patients who had clinically detected swelling in 49 ankles. Only 29% of ankles had tibio-talar effusion alone, whereas tenosynovitis and tenosynovitis alone were detected in 71 and 39% of ankles, respectively. Concomitant tenosynovitis and tibio-talar effusion were found in 33% of ankles. Oligoatricular JIA patients had a higher rate of isolated tenosynovitis than did polyarticular JIA patients (56 and 29%, respectively). Medial ankle tendon involvement was more common in the oligoarthritis subgroup, whereas lateral ankle tenosynovitis was more common in the polyarthritis subgroup. More recently, the same group of investigators reassessed the clinicalUS correlation in 61 swollen/painful ankles in 42 patients using a more accurate clinical examination protocol, which was focused not only on the tibio-talar joint, but also on medial and lateral tendons [28] . US demonstrated no signs of tibio-talar disease in 32% of the ankles considered clinically involved. Involvement of medial tendons was seen in 42% of ankles recorded as clinically normal. Less than 50% of the lateral tendons deemed to be clinically involved were affected on US. Very poor agreement was found comparing the clinical and US scores for the three regions. Poor agreement was observed also for subtalar joints, which were found to be abnormal on US in only 39% of instances classified as affected clinically.
Altogether, the results of these studies emphasize the ability of US to help clinicians to identify the precise site of inflammation, particularly in joint areas that are complex or difficult to evaluate clinically. Furthermore, they show that isolated tenosynovitis is frequently responsible for joint swelling in children with JIA. Notably, the definition of JIA categories in the ILAR classification does not take into consideration tendon involvement. Application of US may thus provide important insights into the location of inflammatory changes in different joints and possibly in diverse disease subtypes. These findings may offer the anatomical rationale for a future refinement of the classification of childhood arthritis.
Enthesitis
Enthesis inflammation is a recognized feature of JIA and affects mainly children with enthesitis-related arthritis, a disease subset characterized by the association of enthesitis and arthritis. The most frequently involved entheses are the calcaneal insertions of the Achilles tendon, the plantar fascia and the tarsal area [1] . In paediatric patients, the clinical identification of enthesis inflammation is challenging because of the peculiar fat distribution that may mask the anatomical landmarks at the enthesis insertion sites. Moreover, children often do not consistently cooperate with the physician during clinical assessment. Hence the potential utility of a feasible, quick and simple tool, such as US, that may facilitate the recognition of clinical and subclinical forms of enthesitis.
A recent study compared the accuracy of PD-US and physical evaluation in detecting enthesitis in 26 children with JIA and 41 healthy children [29] . The following entheseal sites were assessed: the proximal and distal quadricepital tendon insertions, the Achilles tendon and the plantar fascia. PD-US enthesitis was defined as the presence of a PD signal indicating abnormal vascularization at the insertion of the enthesis into the cortical bone. None of the entheseal sites of healthy children showed PD-US enthesitis. In JIA patients, although clinical enthesitis was often associated with PD-US enthesitis, the reverse was not true. In fact, 10 (50%) of the 20 sites exhibiting PD-US enthesitis were normal clinically. However, the clinical meaning of PD-US enthesitis without clinical evidence of enthesitis is unclear.
When evaluating entheseal inflammation in paediatric subjects, it should be taken into account that physiological cartilage vascularization of the ossification centres next to the enthesis insertion sites can make it difficult, especially in younger children, to distinguish normal feeding from pathological inflammatory blood flow. In addition, the irregular shape of some ossification centres may be misinterpreted as a sign of enthesitis rather than as a normal age-related feature (Fig. 1 ). Experience and a thorough knowledge of the age-related changes of normal anatomy are essential for precise identification of enthesitis features in children.
Cartilage damage
Joint cartilage is a major target of the erosive process in chronic arthritis. The loss of US-detected cartilage may therefore be an early marker of joint damage in JIA. Radiographs do not directly visualize cartilage, and joint space narrowing is a relatively late finding. US is well suited for evaluation of the integrity of cartilage in the immature skeleton, as it is able to demonstrate the cartilage of unossified epiphyses and to capture the ossific nuclei much earlier than when it becomes visible radiographically. A recent study in healthy Caucasian children has found good agreement between MRI and US measurement of cartilage thickness, suggesting that US is a valid tool for assessing cartilage in JIA patients [30] .
Using standard scans according to EULAR guidelines [31] , Spannow et al. [32, 33] investigated the level of agreement between and within observers in the evaluation of cartilage thickness in several joints in healthy children. They found a satisfactory inter-and intra-observer agreement for all the examined joints, except for the wrist, where the variability was fairly high. The variability between assessors in the wrist may be explained in part by the marked abundance of cartilage in this joint in children, where large parts of the carpal bones may not be ossified yet. The same authors did not find differences in cartilage thickness between the left and right side in a healthy child population [33] . This observation suggests www.rheumatology.oxfordjournals.org 415 US in JIA that the non-affected extremity may serve as a reference for evaluating cartilage damage in JIA patients. However, using the unaffected side as a reference can be problematic, as it can be affected subclinically. A more recent investigation in a large cohort of healthy children, aged between 7 and 16 years, led to the establishment of age-and sex-related normal standards for cartilage thickness in the knee, ankle, wrist, second MCP and second PIP joints. Furthermore, a formula was developed that enables calculation of cartilage thickness in the clinically dominant joints for children of all age groups [34] . These standards are of potential interest, as a decrease in cartilage thickness in JIA patients from the reference interval may be considered a signal of damage and disease progression. However, the statistical approach used in this study has been criticized [35] . Notably, it should be taken into account that cartilage thickness is affected by several non-disease-related factors, including maturation, pubertal stage, height, weight and BMI [35] . The capacity of US to detect cartilaginous changes involving thinning [20] and blurring of the normally sharp margins [36] has also been reported in JIA.
Bone erosions
The capacity to assess joints dynamically, in real time, and in several planes makes US a powerful tool to detect bone erosions. To meet the OMERACT definition of erosion [12] , an interruption of the bone surface visible in two perpendicular planes needs to be documented. In adult patients with RA, US was found to be more sensitive than conventional radiography in detecting early erosions [37] . The issue of assessment of bone erosions by US in children with JIA is virtually unexplored. However, the peculiar anatomy of growing children makes assessment of erosive changes challenging, owing to the presence of physiological bone irregularities in recently ossified bones, which can be misinterpreted as cortical erosions (Fig. 2) . This potential shortcoming highlights the need to define normal bone anatomy throughout paediatric age groups on US before addressing the role of this imaging technique in assessing bone damage in JIA.
Comparison of US with MRI
Little information exists on the relative performance of US and MRI in the assessment of joint disease in children with JIA. This largely reflects the complexity and difficulty of conducting such studies in paediatric patients.
Malattia et al. [38] found that MRI was more sensitive than US in identifying early erosive changes in the clinically more affected wrist of children with JIA. This finding might be partially explained by the lower ability of US to explore less accessible and anatomically complex joints, such as the wrist, and by the choice of the investigators to scan only the dorsal aspect of the joint. However, longitudinal studies are needed to establish the real significance of bone erosions detected only by MRI, as changes resembling small bone erosions were recently documented in an MRI study of the wrists of healthy children [39] .
El-Miedany et al. [40] evaluated the correlation between US and MRI in the assessment of the knee joint. Thirty-eight JIA patients with clinical involvement of the knee and a control group of 10 asymptomatic subjects underwent, in addition to plain radiography, US and MRI of the knee. MRI was performed before and after i.v. contrast injection. US was found to be less sensitive than MRI, as it was able to demonstrate fewer instances of effusion and synovial proliferation. As expected, MRI also proved superior in defining the extent of synovial proliferation and the amount of cartilage damage, especially after contrast administration. However, the limited feasibility of contrast-enhanced MRI makes this imaging method worthy of consideration only in selected cases and in the later stages of JIA, particularly when estimating the severity of structural joint changes.
FIG. 1 US of the Achilles tendon.
(A) Longitudinal scan of the Achilles tendon insertion in a 10-year-old healthy boy showing physiological bone irregularities (arrow). (B) US scan of the same anatomical area in a healthy adult subject (age 32 years). C: calcaneus; AT: Achilles tendon; *: cartilage. GE Healthcare Voluson i.
Several comparative studies have addressed the assessment of temporomandibular joints (TMJs) in children with JIA. Weiss et al. [41] investigated the relative utility of US and MRI in the evaluation of acute and chronic TMJ changes in 32 new-onset patients. The two imaging techniques showed poor correlation, with US being less sensitive than MRI in the detection of TMJ disease. MRI was able to demonstrate acute arthritis in 24 (75%) patients, most of whom were asymptomatic and had normal physical examination, whereas none was detected by US. Chronic joint changes were found in 22 (69%) patients by MRI and in only 9 (28%) patients by US. Similar results were obtained by Mü ller et al. [42] , who compared the performance of clinical examination, US and MRI in the early diagnosis of TMJ arthritis in 30 children. Patients underwent both rheumatological and orthodontic examination as well as US within 1 month of the MRI. US was found to be the least sensitive of all methods investigated and was found to be able to assess only the most severely affected joints. Altogether, these findings suggest that, at present, US should not be considered as an accurate screening tool for the detection of early signs of TMJ disease in children with JIA. US is also of modest utility for assessment of the joints of the axial skeleton, namely the sacroiliac and vertebral joints.
US as a guide to local injection therapy
IAC injections are widely used in children with JIA to induce prompt relief of symptoms of active synovitis. To increase the chance of success of IAC therapy and minimize the risk of local side effects, namely s.c. atrophy, accurate placement of the needle within the joint space is essential. However, this can be difficult for certain joints that are not easy to assess clinically, such as the hip, subtalar, intertarsal or TMJs. Blinded injections are also challenging in younger children, due to the small joint size and the s.c. fat masking the bone landmarks. In these instances, US can be valuable, as it helps the operator to place the needle tip accurately into the joint cavity. US could also assist in performing local injections in tendon sheaths or other periarticular structures.
The role of US in guiding IAC injections in the ankle region has been investigated recently [43] . Forty swollen ankles of 30 JIA patients were evaluated both clinically and with US before and 4 weeks after a US-guided IAC injection. At week 0, synovial hypertrophy, effusion and/or hyperaemia were found in 121 compartments by US, with multiple compartments being involved in most cases. Eighty-five of the 121 affected sites were injected using US guidance. Normalization or regression of synovial hypertrophy and hyperaemia was achieved in most cases and clinical absence of active disease was observed in 29/40 (72%) ankles 4 weeks after the injection. Parra et al. [44] evaluated the utility of US guidance to perform IAC injections in 180 TMJs of 83 children with JIA. Limited CT confirmation, used to check needle placement in 127 (70%) joints, confirmed correct IA placement of the needle tip in 115/127 (91%) cases. Only in 20 (16%) of the 115 procedures was a minor needle adjustment required. The favourable experience achieved so far underscores the need to support the training of paediatric rheumatologists in US-guided local injection procedures.
Summary and research agenda
US is gaining increasing interest among paediatric rheumatologists and it is anticipated that it will be used for ever more applications in the assessment of synovitis activity and response to treatment. However, several issues need to be addressed before widespread use of this imaging technique can be recommended.
First, the anatomical peculiarities of growing children make imaging interpretation more challenging than in adults. A thorough knowledge of paediatric US anatomy at different ages is essential to establish whether the observed changes are pathological or part of normal development. For instance, a positive PD signal at juxta-articular sites may reflect synovial hyperaemia related to an inflammatory process or may be an expression of the normal physiological flow inside the growth cartilage of the epiphysis. Furthermore, cartilage vascularization has been related to US synovitis [11] , but can also be encountered in healthy children.
A great deal of effort should be exerted to standardize and validate the methodology for performing US and scoring its findings in children. As previously mentioned, the OMERACT definitions for US pathology in adults [12] may not be suitable for use in paediatric subjects. To overcome the gap of standardization and scientific knowledge between adult and paediatric rheumatology, a paediatric US subgroup within the OMERACT Ultrasound Task Force has been recently created. In addition, the EULAR has committed to involve paediatric rheumatologists in future activities on imaging.
An important question is how to accommodate the normal physiological joint changes in growing children in longitudinal assessments. To give an example, improvement of a bone erosion may simply reflect the normal smoothing of the bone surface over time. In addition, a US scan of a particular joint in an individual child taken at initial evaluation may not be appropriate as the gold standard for comparison with subsequent scans obtained during follow-up. The rapidity of anatomic changes during growth, including the progressive replacement of cartilage with bone, may lead to a major change in the morphology of the joint and thus, hamper comparability with previous joint images.
Studies in adult patients with RA have led to US assessment of the extent of synovitis in a reduced number of joints, thereby shortening the length of US sessions [45, 46] . The use of reduced joint counts may be particularly advantageous in children, who are known to be less tolerant than adults to investigations. Hence the definition of the optimal number and pattern of joints that should be included in US assessment in children is warranted.
The operator dependence of US is a matter of particular concern in paediatric subjects. The reliability of US could be enhanced by the introduction of 3D equipment, which could lessen US operator dependence and enhance standardized acquisition of images [47] . Furthermore, the availability of smaller, handy and higher frequency probes could make small joint evaluation easier.
In summary, US has a great potential for use among paediatric rheumatologists, as it can be applied directly in the clinic. However, its use requires careful and continued training. Further studies are needed to enhance the reliability of US in JIA and to establish its validity in the assessment of therapeutic response and disease outcome.
Rheumatology key messages
. US is a powerful tool for the assessment of synovitis in JIA. . US guidance may enhance the efficacy of local CS injection therapy in JIA. . Additional studies are required to establish the reliability and validity of US in childhood arthritis.
